ABSTRACT: The metabolism of seagrass ecosystems was examined at 4 sites in south Florida, USA, using the eddy covariance technique under in situ conditions. Three sites were located across a phosphorus-driven productivity gradient to examine the combined effects of dynamic variables (irradiance, flow velocity) and state variables (sediment phosphorus and organic content, seagrass biomass) on ecosystem metabolism and trophic status. Gross primary production and respiration rates varied significantly across Florida Bay in the summer of 2012 with the lowest rates , respectively) in the southwest where sediment phosphorus, organic matter, and seagrass biomass are higher. Seagrass eco systems offshore of the Florida Keys had similar large daily production and respiration rates (397 and −217 mmol O 2 m −2 d −1 , respectively) and were influenced by flow through the permeable offshore sediments. Across all sites, net ecosystem metabolism rates indicated that the seagrass ecosystems were autotrophic in the summertime. Substantial day-to-day variability in metabolic rates was found due to variations in irradiance and flow velocity. At all sites the relationship between photosynthesis and irradiance was linear and did not show any sign of saturation over the entire irradiance range (up to 1400 µmol photons m −2 s −1
INTRODUCTION
Seagrass communities are some of the most productive coastal marine ecosystems (Duarte et al. 2010 , Fourqurean et al. 2012 , and the seagrass meadows of south Florida are among the largest on Earth (Zieman 1989 , Fourqurean & Zieman 2002 . They are a significant component of global marine carbon (C) and nutrient cycling due to their high areal coverage, high productivity, and efficiency in the burial of organic matter (Duarte et al. 2010 , Fourqurean et al. 2012 . The seagrass canopy slows water velocities and causes particulate deposition, resulting in the accumulation of organic matter and sediments (Fonseca & Fisher 1986 , Gacia & Duarte 2001 . Decreased seagrass biomass and density may have the primary effect of increasing suspended sediments and reducing light, and sec ondarily, of reducing available sediment nutrients through a decrease in organic matter. Consequently, dynamic interactions exist between irradiance, turbidity, nutrients, and productivity where the combined effects of these parameters control the meta bolism and community structure of seagrass meadows.
The efficient capture of irradiance by the vertical structure of the seagrass canopy, combined with their ability to thrive under oligotrophic conditions, allows seagrass ecosystems to dominate total ecosystem productivity in shallow waters (Duarte 1995) . The amount of photosynthetic surface area per square meter of benthic surface and the degree of self-shading determines the efficiency of irradiance capture for the seagrass ecosystem as a whole (Zimmerman 2003 , Ralph et al. 2007 ). For example, in dense seagrass meadows, irradiance reaching seagrass canopies is efficiently captured at rates of up to 90% (Zimmerman 2003 , Enriquez & Pantoja-Reyes 2005 . Self-shading reduces the amount of direct or downwelling irradiance penetrating the canopy while increasing diffuse irradiance, thus reducing light saturation of the canopy as a whole (Enriquez et al. 2002 , Gacia et al. 2012 . This is reflected in seagrass photosynthetic pigments where low-irradiance portions of seagrasses have more pigments to compensate for the reduced intra-canopy irradiance (Durako & Kunzelman 2002 , Cayabyab & Enriquez 2007 , Mackey et al. 2007 ). Seagrasses also show morphological plasticity that enables them to vary shoot density and leaf length to optimize light gathering and exploitation (Enriquez et al. 2002 , Enriquez & Pantoja-Reyes 2005 , Cayabyab & Enriquez 2007 . The efficiency of irradiance capture is also increased when integrating across all benthic communities present in seagrass meadows including seagrasses, macroalgae, benthic microalgae, and epiphytes. Including all benthic communities and their interactions in metabolic measurements may result in photosynthetic rates that do not saturate at high irradiances, an effect that may not be observed by examining the individual components of the ecosystem (Binzer et al. 2006 , SandJensen et al. 2007 . Therefore, in situ ecosystem-level analysis of complex benthic systems is highly important in determining accurate rates of metabolism.
A series of environmental gradients exists across the Florida Keys seagrass meadows where generally the lowest amounts of seagrass biomass, sediment organic matter, and phosphorus are present in northeastern Florida Bay and the highest amounts are present in the southwestern Florida Bay and offshore (Zieman 1989 , Fourqurean & Zieman 2002 , Long et al. 2008 . These gradients produce seagrasses in the northeast of the bay that experience very little shading due to their low densities and reduced biomass while the high-density and biomass seagrasses in the southwest have a high degree of self-shading. Phosphorus is the primary limiting nutrient in Florida Bay due to phosphorus adsorption by the carbonate sediments and the long residence time of water, especially in the northeast of the bay where land masses limit water exchange with the Gulf of Mexico (Fourqurean & Zieman 2002 , Long et al. 2008 . The higher phosphorus availability in the southwest part of the bay supports greater seagrass biomass, which is directly related to the deposition of sediments and organic matter by the reduction of flow at the sediment surface (Fonseca & Fisher 1986 , Gacia & Duarte 2001 .
The metabolism of seagrasses, as well as other organisms within the seagrass ecosystem, has been shown to be strongly affected by flow velocity (Fonseca & Kenworthy 1987 , Mass et al. 2010 , Hume et al. 2011 , and therefore in situ analysis of seagrass meadow metabolism is the only means to accurately determine productivity. The eddy covariance (EC) technique is becoming a popular tool for measuring benthic flux rates in situ because of its high temporal resolution, large area of measurement, and adaptability to many different benthic systems (Berg et al. 2003) . The EC technique correlates instantaneous changes in the vertical velocity and oxygen (O 2 ) concentration at a point in the water column and integrates the product of these changes over time to calculate benthic flux rates (Berg et al. 2003) . It has been compared to and validated by chamber measurements (Berg et al. 2003 , Glud et al. 2010 , Johnson et al. 2011 ) and electrode profiling measurements (Berg et al. 2003 , Berg et al. 2009 , Brand et al. 2008 , and has yielded high temporal resolution data that produced reliable and higher-quality metabolic measurements than standard techniques (Berg et al. 2003 . Studies on the metabolic rates of temperate seagrass ecosystems using the EC technique have determined that short-term changes in flow and light are significant drivers of ecosystem metabolism (Hume et al. 2011 , Rheuban et al. 2014a . Rheuban et al. (2014a) also highlighted that multiple timescale processes influence metabolism, from hourly variations in velocity to seasonal changes in seagrass density and water temperature.
This study represents the first in situ analysis of sub-tropical seagrass ecosystem metabolism using the EC technique. We hypothesized (1) that the rates of primary production and respiration of the seagrass ecosystem would increase with larger quantities of seagrass biomass, sediment organic matter, and phosphorus, consistent with the nutrient-driven biomass gradient of Florida Bay, (2) that dynamic variables, such as light and flow velocity, would be the dominant drivers of short-term metabolic variability, and (3) that the interactions of light and flow with the changing seagrass canopy structure across the biomass gradient would lead to different light capture efficiencies and therefore higher rates of autotrophy with higher seagrass biomass. The analysis presented here examines the O 2 metabolism of the complete seagrass ecosystem, utilizing the EC technique, which integrates across all organisms within the seagrass canopy and the underlying sediment.
MATERIALS AND METHODS

Study sites
The study sites for this research were located in the shallow estuary of Florida Bay and Grecian Rocks Sanctuary Protection Area (GRS) within the Florida Keys National Marine Sanctuary, both in south Florida, USA. Three sites in Florida Bay were used across a well-established productivity and nutrient gradient where phosphorus is the primary limiting nutrient (Zieman 1989 , Fourqurean & Zieman 1992 , Fourqurean & Zieman 2002 in July and August of 2012. Sites were selected to span this gradient with the lowest amounts of seagrass biomass, sediment organic matter, and sediment and porewater phosphate at the northeast site of Duck Key (Duck) and the highest at the southwest site of Rabbit Key Basin (RKB) (Long et al. 2008 ). The bay sites had monotypic beds of the seagrass Thalassia testudinum growing in fine-grained carbonate muds with similar depths (1.7 to 1.9 m average depth) and were located at Duck Key (25°10' 36.60"N, 80°29' 20.52"W), Bob Allen Keys (BA) (25°2'9.27"N, 80°41' 10.66"W), and Rabbit Key Basin (24°58' 4.89"N, 80°50' 19.80"W) (Fig. 1) . The offshore seagrass site, within GRS ( Fig. 1; 25°06 ' 38"N, 80°18' 28"W), was sampled in July and August of 2010. This site was on average 3.5 m deep and was located 200 m inshore of a shallow coral reef where metabolism has been assessed previously by EC ). The benthic surface at the offshore site was similarly dominated by T. testudinum growing in coarse sands.
The sediment characteristics at the bay sites were determined from 4 replicate sediment cores (0.1 m diameter × 0.3 m depth). No sediment cores were col- lected at the offshore site. The percentage of organic matter was determined by weight loss after combusting at 450°C for 5 h, after the removal of inorganic carbon using 1 N hydrochloric acid. Total sediment phosphorus was determined by the persulfate digestion method described by Koroleff (1983) . Sediment porewater samples were collected at 15 cm depth using a small-diameter stainless steel probe and the method described by Berg & McGlathery (2001) . The samples were filtered using 0.45 µm syringe filters, frozen, and analyzed for phosphate on a Lachat autoanalyzer (QuikChem 8500 Automated Ion Analyzer).
Eddy covariance measurements
The EC systems consisted of an acoustic Doppler velocimeter (Nortek AS) connected to a fast-responding (< 0.3 s) Clark-type O 2 microsensor (Revsbech 1989 ) through a custom-made picoamp amplifier (Berg et al. 2003) or a simple amplifier (McGinnis et al. 2011 ). All components were attached to a triangular frame that was designed to minimize flow disturbance (Fig. 1) . The 3-dimensional velocity field was measured in a ~2.1 cm 3 measuring volume and the O 2 microsensor was placed 0.5 cm outside the edge of the measuring volume. The measuring volume was located 0.35 to 0.55 m above the sediment surface at ~2 times the seagrass canopy height. This measuring height guideline was adapted from atmospheric EC measurements over forest canopies to ensure that measurements were conducted within the constant flux layer (Burba 2013 ). This height is also consistent with guidelines determined in a recent modeling study showing that ~30 cm is needed to obtain a well-integrated flux signal over heterogeneous seagrass meadows. Data were recorded at 64 Hz for periods of at least 24 h to capture diel variations.
Supporting measurements were also recorded by the velocimeter and other instruments. From the velocity data, the current direction, mean current velocity, and significant wave height (or the mean height of the largest third of waves) were determined (Wiberg & Sherwood 2008) . Stable and temperaturecorrected O 2 optodes (Hach or PME) were deployed at the EC measuring height and used to check and calibrate the O 2 microsensor data. A salinity logger (Onset) was deployed at the EC measuring height to correct the optode O 2 data for salinity variations. An O 2 optode was also placed 10 cm above the sediment surface within the seagrass canopy during some deployments at RKB. Photosynthetically active radiation (PAR) was measured by 2 Odyssey PAR sensors (Dataflow Systems) at the EC measuring height that were calibrated to a LI-COR 193SA Spherical PAR Sensor, as described by Long et al. (2012) .
The EC benthic O 2 fluxes were determined across 0.25 h intervals from the time-averaged product of the instantaneous variations in the vertical velocity and the O 2 concentration by the methods described in Berg et al. (2003) using the software package EddyFlux (P. Berg unpubl.) . The instantaneous variations in the vertical velocity and O 2 concentration were determined by Reynolds decomposition with the means determined from linear detrending over each 0.25 h interval. The velocity and O 2 data were examined for anomalous variations due to particles and organisms contacting the sensors. Microsensor O 2 data that varied from the stable optode data were discarded. The data were also examined for sensitivity to a 2-step rotation of the coordinate system's x-axis into the mean flow vector and the storage of O 2 in the water column between the sediment surface and the measuring point (see Berg et al. 2003 , Rheuban et al. 2014b ). The differences between data treatments were compared by Kolmogorov-Smirnov (K-S) tests over 24 h data series at the α = 0.05 level. Differences between average site characteristics and flux rates were compared by ANOVAs at the α = 0.05 level. Linear regression analysis was used to examine the relationships between the fluxes and the individual measured parameters using binned and unbinned data, where the binned linear regressions were weighted by the standard error (± SE) of each binned value (Motulsky & Christopoulos 2004) . Bin sizes were 200 µmol m −2 s −1 and 0.8 cm s −1 for PAR and velocity, respectively. The daily rates of net ecosystem metabolism (NEM), gross primary production (GPP), and respiration were determined for continuous time series of 0.25 h flux data with the rates weighted by the hours of light and dark. Due to the inability to separate respiration and production in the observed net fluxes, the nighttime and daytime respiration rates were assumed to be the same (Falter et al. 2008 , Hume et al. 2011 . Therefore, the presented respiration and GPP rates are conservative estimates, as daytime respiration rates are likely higher than nighttime rates (Glud 2008 ). For seagrasses specifically, a hysteresis in the O 2 flux was observed that suggested increased rates of respiration in the afternoon, possibly due to highly labile photosynthates (Rheuban et al. 2014b ). However, the NEM rates are calculated from the measured fluxes directly, and thus are not affected by this bias.
Treatment of eddy covariance data
The EC fluxes were not significantly different when a 2-step rotation around the z-and y-axis (to nullify the lateral and vertical velocities) was applied to each individual deployment as determined by K-S tests (p > 0.15; data not shown). Therefore, none of the data were rotated. A correction for storage of O 2 in the water between the sediment and the measuring height may be needed when large diurnal variations are seen in mean O 2 concentration (Berg et al. 2003 , Hume et al. 2011 , Rheuban et al. 2014b ). The use of large measuring heights (here 0.35 to 0.55 m) increase the effect of this storage due to the larger volume of water below the measuring point. Derived O 2 fluxes were found to be sensitive to this storage of O 2 by K-S tests for 21 of the deployments at the α = 0.05 level. Therefore, the correction for storage was included in all flux calculations as outlined in detail by Rheuban et al. (2014b) . While the storage correction affected our estimated rates of GPP and respiration significantly, it resulted in an average increase of only 1.3 mmol O 2 m −2 d −1 in NEM rates. As expected, the storage-corrected NEM rates were not significantly different from the uncorrected rates (K-S test:
The footprint, or the benthic area that contributes to the measured EC flux, is elliptically shaped and located upstream of the instrument (Berg et al. 2007 ). Berg et al. (2007) modeled the footprint characteristics for bare sediments that were exposed to unidirectional current flows and found a typical footprint to range from 10 to 100 m 2 . A conservative approximation based on this footprint modeling, and assuming a measuring height equal to the vertical distance between the seagrass canopy height and the EC measuring point, gave footprint lengths of 20 to 40 m for the seagrass sites in this study. While the current direction, and therefore the footprint orientation, was constantly changing, no correlation between current direction and the flux was found (data not shown), indicating a consistent and homogenous benthic surface. Consequently, the presented fluxes were as sumed to represent the integrated, benthic meta bolism of each seagrass site as a whole. Another first-order estimate, using the recent modeling re sults of , revealed a delay be tween O 2 released in the seagrass canopy and measurement at the EC measuring point of < 5 min for most deployments. This result is supported by the apparently immediate response between measured light and derived EC fluxes shown in Fig. 2 . 
Biomass addition technique
Seagrass aboveground net primary production (NPP) was measured in 4 replicate quadrats (0.1 × 0.2 m) randomly distributed within the EC area of measurement (Zieman 1989 , Fourqurean et al. 2001 . Each seagrass short shoot (ss) was marked by punching a hole at its base; it then grew for ~2 wk before sampling (adapted from Zieman 1974) . The rates of aboveground NPP (measured as new biomass in g dry wt ss
) were determined by collecting the aboveground seagrass material, separating newly grown biomass and old biomass, and determining dry weight. Shoot density and total aboveground biomass per square meter were also determined in the same quadrats. Subsamples of seagrass leaves were freeze-dried, ground, and their carbon content determined on a Carlo-Erba elemental analyzer to determine the C percentage of the newly added seagrass material. The ss density, newly grown biomass per ss, and the percentage C were used to calculate the NPP in mmol C m
. As a first-order approximation to compare the NPP and EC rates, a simple 1:1 ratio was assumed between O 2 and C metabolism (see Ziegler & Benner 1998 , Duarte et al. 2010 .
RESULTS
Site characteristics
We confirmed the nutrient and biomass gradients across Florida Bay through increases in the biomass, total sedimentary phosphorus concentrations, porewater phosphorus, and organic matter from the isolated, northeast site, Duck, to the southwest site, RKB, adjacent to the Gulf of Mexico (Table 1, Fig. 1 ). The density of seagrasses in Florida Bay was the highest at BA (Table 1) , but the seagrass leaf morphology was much shorter and thinner at this site, compared to that of RKB (Fig. 1) . This also was evident from the amount of biomass per ss of 0.24 ± 0.04, 0.12 ± 0.02, and 0.06 ± 0.02 g dry wt ss −1 for RKB, BA, and Duck, respectively (± SE). The offshore seagrass site, GRS, had a similar morphology to RKB (0.26 ± 0.06 g dry wt ss −1
) and had the largest biomass of 193 ± 39 g dry wt m −2 (± SE, n = 4) ( Table 1) .
Seagrass meadow metabolic rates
A total of 53 EC deployments were performed across all 4 sites. Due to frequent O 2 microsensor breakage, these deployments resulted in 32 complete 24 h time series. Fig. 2 shows one of the 24 h data sets, including the 0.25 h extracted fluxes, from the offshore GRS site. The clear linear trends in the cumulative fluxes, or the integration of the instantaneous fluxes across each 0.25 h period (Fig. 2C) , indicate a consistent, strong eddy flux signal in the highfrequency data. The diel changes and high temporal resolution of the integrated 0.25 h fluxes are evident in Fig. 2D .
Integrating the EC fluxes across each 24 h period revealed rates of GPP that exceeded respiration to produce an average positive NEM for all sites (Fig. 3) . The average daily rates of GPP and respiration varied significantly across the bay sites (Fig. 3, Table 2 ). In Florida Bay, the highest rates of GPP, respiration, and NEM were at RKB and the lowest rates were at Duck (Table 2) , which was consistent with the gradients of seagrass biomass, sediment phosphorus, porewater phosphate, and sediment organic matter (Table 1) . The net trophic status during the summer was determined by comparing the relationship be tween the daily rates of GPP and respiration with a meta - bolically balanced relationship (see Hume et al. 2011 , Rheuban et al 2014a . At each site the relationship between GPP and respiration had a slope that indicated net autotrophy, with slopes of −0.94, −0.47, −0.22, and −0.13 for Duck, BA, RKB, and GRS, respectively. These linear relationships were then compared against that of the −1:1 metabolically balan ced relationship using an F-test (Motulsky & Christopoulos 2004) with Duck (F = 7.2548, p = 0.0197), BA (F = 7.8772, p = 0.0105), RKB (F = 6.8513, p = 0.0156), and GRS (F = 7.2932, p = 0.0068) all being significantly different at the α = 0.05 level, indicating net autotrophy at all sites. The seagrass aboveground NPP rates from the biomass addition technique integrated over the short-term variations in community NEM that were ob served with the EC technique. The NPP rates decreased across Florida Bay, with rates of 71 ± 9, 53 ± 7, and 30 ± 14 mmol C m −2 d −1 (± SE, n = 4), for RKB, BA, and Duck, respectively ( Fig. 3) (ANOVA: F 2 = 2.6289, p = 0.1326). In Florida Bay, these NPP rates were consistently higher (2.0, 2.1, and 2.7 times higher for RKB, BA, and Duck, respectively) than the EC NEM rates across the sites and followed the same decreasing productivity trend with the de creasing phosphorus gradient. The NPP rate at the GRS site of 97 ± 9 mmol C m −2 d −1 (± SE, n = 4) was also 2.6 times greater than the NEM determined by EC (Fig. 3) .
Dynamics of seagrass meadow metabolism
An 8 h data set from a variably cloudy day illustrates the metabolic response of the seagrass meadow to changes in irradiance (Fig. 4A) . The photosynthesis to irradiance (P−I) relationship for all GRS data (Fig. 4B ) exhibited a linear correlation under all light conditions and did not show a typical maximum production rate or any evidence of light saturation, but instead steadily increased with increasing irradiance (Fig. 4B, of light utilization, of 0.52 (Table 3 ). Similar to the offshore GRS site, the P−I relationships for all data at each of the bay sites had linear correlations without any indication of light saturation (Fig. 5 , Table 3 ). The efficiency of light utilization by seagrass meadows was apparent from the P−I relationship slopes, where RKB had the steepest (0.81), BA had an intermediate slope (0.45), and Duck had the smallest slope (0.16) ( Table 3) . A 1:1 relationship between the slope of the P−I relationships and the seagrass biomass was found at the bay sites (Table 3 ). The I c were 200, 239, and 314 µmol photons m −2 s −1 for RKB, BA, and Duck, respectively (Table 3 ). An 8 h segment of nighttime data (Fig. 6A) shows the tight coupling between respiration and current velocity. The nighttime fluxes were negatively correlated with the mean current velocity for all GRS data ( Fig. 6B ) (binned data: p = 0.0022, r 2 = 0.96; unbinned data: p = 0.0001, r 2 = 0.18). The nighttime fluxes were also negatively correlated with the mean flow velocity at RKB (data not shown; binned data: p = 0.0174, r 2 = 0.88; unbinned data: p = 0.0007, r 2 = 0.14) and Duck (binned data: p = 0.0197, r 2 = 0.87; unbinned data: p = 0.0002, r 2 = 0.10) but not at BA, the site with the lowest current velocity (unbinned data: p = 0.6938). At the offshore GRS site, the covariance of flow and irradiance during the day prevented the determination of flow effects on daytime flux rates. At the bay sites, there was no covariance between irradiance and flow. However, no significant correlations were found between the daytime flux and flow.
The offshore GRS site had the largest significant wave heights (Table 1 ) and the flux was negatively correlated to this variable during both the day (bin ned data: p = 0.0276, r 2 = 0.885; unbinned data: p = 0.0295, r 2 = 0.09) and night (binned data: p = 0.03292, r 2 = 0.825; unbinned data: p < 0.0001, r 2 = 0.14). None of the bay sites had significant correlations between the flux and waves during the day or night, likely due to the small wave heights (Table 1) . There were no consistent trends for any sites between the flux and temperature (varying from 27.7 to 33.3°C), salinity (Table 1) , or current direction during the day or night. Table 2 for statistics For each site, all of the 0.25 h fluxes and PAR data were averaged hourly to produce O 2 fluxes by the hour of day (Fig. 7) . The high temporal resolution EC data shows the large amount of variability that occurred between different days and sites. ) (Fig. 7E) . Despite the lowest average irradiances at RKB (Fig. 7F) , the largest average O 2 fluxes in Florida Bay were found at this site (Fig. 7B) , while Duck had the highest irradiances but the lowest fluxes (Fig. 7D) . Daily NEM values ranged from 1 to 21, −27 to 80, −51 to 120, and −59 to 173 mmol O 2 m −2 d −1 at Duck, BA, RKB, and GRS, respectively. The daily GPP rates across all sites (Fig. 8) further show the day-to-day variability within each site and the relationship to the daily irradiance. The measurement of O 2 above the sediment, but within the dense seagrass canopy, at RKB revealed that O 2 builds up during the day (Fig. 9A ) and becomes depleted during the night (Fig. 9B ) during periods with minimal vertical mixing due to low-flow conditions. 
DISCUSSION
Seagrass meadow metabolic rates
The net metabolic measurements from the EC technique during the summer indicated that the seagrass ecosystems were on average net autotrophic at both the offshore GRS site (37 mmol O 2 m −2 d ). This is consistent with most metabolic measurements in tropical seagrass meadows that quantify them as a significant source of annual primary production (Gattuso et al. 1998 , Duarte et al. 2010 , Four qurean et al. 2012 and comparable with the global average for all seagrass systems reported in Duarte et al. (2010) of 27 mmol C m −2 d −1 annually, when a 1:1 relationship is assumed between O 2 and C (see Ziegler & Benner 1998 , Duarte et al. 2010 . The consistently > 2-fold difference between the EC NEM rates and the seagrass biomass addition NPP rates were expected, as the NPP rates only include the aboveground component of seagrass metabolism and seagrass belowground respiration (Fig. 3) . Therefore, the combination of other producers, consumers, and belowground seagrass growth was net heterotrophic based on the differences between the NPP and NEM rates. The average summertime EC NEM rates for individual sites within Florida Bay (11 to 35 mmol O 2 m
) were also consistent with chamber measurements by Yarbro & Carlson (2008) ) was substantially larger than chamber rates, suggesting that flow effects (which are excluded in chamber measurements) and sampling under variable in situ conditions (e.g. flow and light) are important in determining accurate rates of metabolism. Further, Yarbro & Carlson (2008) stated that unfavorable weather conditions prevented successful chamber deployments, which likely created the order of magnitude difference between EC and chamber measurements ). Evaluating metabolism under low irradiance or low productivity conditions is important in seagrass ecosystems because shading experiments show that seagrasses rely on rhizome carbo hydrates to maintain growth at reduced irradiances (Mackey et al. 2007 , Lavery et al. 2009 , Gacia et al. 2012 ). This suggests that any sampling bias toward high-light conditions may overestimate the NEM due to both the reduction in photosynthesis and the high rates of carbohydrate respiration by seagrasses during low-irradiance periods. Therefore, the ability of EC to sample across a wider range of field conditions increases the variability of EC NEM rates, and likely results in a more accurate characterization of metabolism under in situ conditions.
The temporal variability of EC fluxes further highlights the need to sample across adequate timescales to obtain accurate metabolic rates. Compared to traditional methods of measuring meta bolism, such as chamber measurements, biomass addition techniques, and core incubations, the in situ EC sampling over numerous diel cycles can resolve these variations. However, the presence of these in situ variations also suggests that the period of measurement presented here (5 to 12 d at each site; Fig. 8 ) may not in some cases be long enough to determine an accurate seasonal estimate of NEM and that shorter timescale measurements likely introduce significant errors.
Dynamics of seagrass meadow metabolism
At all 4 sites the daytime fluxes, when measured in situ on an ecosystem scale, increased linearly with irradiance and did not approach a saturating condition even at high summer irradiances (Figs. 4B & 5) . The P−I relationships for seagrass ecosystems are typically reported as reaching saturating conditions (see review by Lee et al. 2007 ), but in situ ecosystemscale measurements, where all autotrophs are included, may produce an efficient use of the incident irradiance that prevents saturation (Binzer et al. 2006 , Sand-Jensen et al. 2007 , Rheuban et al. 2014a . Thalassia testudinum canopies can have a leaf area index of up to 18 m 2 m −2 (Gessner 1971) , which is equivalent to the highest values reported for terrestrial ecosystems (tree plantations, Asner et al. 2003) . This large area is generally thought to be an adaptation to capture more light and to compensate for the shading effects of epiphytes (Dawes 1998) . While the upper portions of the canopy may become saturated with light, the lower portions are shaded and likely undersaturated (Durako & Kunzelman 2002 , Cayabyab & Enriquez 2007 , Mackey et al. 2007 ). The complex structure of seagrass canopies creates high amounts of diffuse light and the movement of the flexible blades periodically exposes different parts of the canopy to light, both of which enhance the light capture by the canopy (Enriquez et al. 2002 , Enriquez & Pantoja-Reyes 2005 . Further, seagrass leaf morphology is plastic, and alterations in leaf size and shape can increase light capture and growth (Enriquez & Pantoja-Reyes 2005 , Cayabyab & En riquez 2007 . In contrast to a review by Lee et al. (2007) that reported an average and maximum saturating irradiance for T. testudinum of 253 and 438 µmol photons m
, respectively, the linear and non-saturating conditions observed here using the EC technique at relatively high underwater irradiances (up to 1400 µmol photons m
) more likely represent the true ecosystem-scale photosynthetic response to light.
The nighttime respiration rates were likely facilitated by local hydrodynamics, which flush sediments and enhance the exchange of gases, solutes, and organic C (Precht & Huettel 2003 , Reimers et al. 2004 , Hume et al. 2011 . The correlation between flow and O 2 exchange is likely due to the combined effects of the flushing of sediment porewater and seagrass canopy, the facilitation of respiration through nutrient and waste transfer, and the reduction in thickness of the diffusive boundary layer around individual flora and fauna (Rheuban et al. 2014a) . A strong correlation between flow velocity and respiration rates was observed during the night at the offshore GRS site (Fig. 6) , likely due to the high permeability of the coarse offshore sediments and the high biomass density. The correlation between flow and nighttime respiration was also observed at the 2 highest velocity sites in Florida Bay (RKB and Duck) (Table 1) , but produced weaker correlations compared to the offshore site, probably due to the less-permeable carbonate muds and lower biomass in Florida Bay. The high respiration rates in the coarse offshore sediments explains the higher I c and lower slope in the P−I relationship at the GRS site compared to the similar RKB site in Florida Bay ( Table 2) .
The lack of exchange during low-flow conditions between the seagrass canopy and the overlying water was evident from the build-up or depletion of O 2 within the canopy (Fig. 9) . This suggests that some of the correlation between the O 2 flux and flow is due to the flushing of the canopy, as well as the sediment, and is a source of some of the highfrequency variability in the measured flux rates. Further, the depletion of O 2 within the canopy suggests that significant hypoxic stress may occur for heterotrophic organisms residing there during periods of low flow.
Numerous studies have shown the effect of flow on productivity, which alters gas exchange by changing the thickness of the diffusive boundary layer (Fonseca & Kenworthy 1987 , Finelli et al. 2007 , Mass et al. 2010 . The covariance between the flow velocity (by tides) and irradiance made the separation of their individual effects on daytime production difficult at the offshore GRS site. At the bay sites (where flow and irradiance did not co-vary), no significant increase in the daytime fluxes was observed with increasing flow velocity, possibly because any increases in production due to flow velocity were balanced by flow-facilitated respiration (e.g. Fig. 6 ). Another factor that likely reduced photosynthesis under high, unidirectional flow conditions was the flowinduced bending of seagrass blades that increased the self-shading of the seagrass canopy (Fonseca & Kenworthy 1987) . This bending significantly reduces the below-canopy flow and likely limits exchange (Fonseca & Fisher 1986 , Koch & Gust 1999 , Nepf 2012 . However, the covariance of increased shading and reduced exchange limits the separation of their effects through O 2 concentrations (e.g. Fig. 9A ).
In contrast to the effects of unidirectional flows, the fluxes at the offshore GRS site were negatively correlated to the significant wave height during the daytime, suggesting that waves facilitated respiration through the hydrodynamic forcing caused by wave orbitals (Koch & Gust 1999 , Reidenbach et al. 2007 , Hansen & Reidenbach 2012 ). This wave forcing was found to flush particulates and gases at greater rates than unidirectional flow velocities in seagrass beds (Koch & Gust 1999 , Hansen & Reidenbach 2012 and to increase the flushing of coral canopies by ~2.5-fold over unidirectional flow velocities (Reidenbach et al. 2007 ). Hansen & Reidenbach (2012) found that unidirectional flows decreased by ~70% within the canopy of Zostera marina seagrass beds, but wave orbital velocities only decreased by 20%. This suggests that waves may facilitate respiration in seagrass beds by enhancing transport through the canopy, while unidirectional flows may act to reduce respiration by limiting exchange with the lower canopy and sediment due to the bending of the seagrass blades. However, neither reduced respiration rates nor reduced canopy exchange were observed at the 2 highest velocity and biomass sites of GRS and RKB (Figs. 6 & 9B) in this study. The interactions of these hydrodynamic processes with variations in seagrass canopy structure (e.g. density, leaf length, morphology, and species) are not well-understood and need further study to elucidate the effects of unidirectional flows and waves on in situ metabolic rates.
Suspended sediments that accumulated on seagrass blades and reduced the irradiance reaching the leaf surface also likely caused some of the observed flux variability that was not explained by other factors (Fig. 10) . Under high-flow conditions sediments did not accumulate on the blades (Fig. 10A ), but did so under low-velocity conditions (Fig. 10B ) and likely reduced seagrass photosynthesis. Epiphytes also reduce light availability for seagrasses and affect productivity, especially in older blades (Orth & van Montfrans 1984 , Frankovich & Zieman 2005 , but epiphytes accumulate gradually and would not lead to daily or hourly variability. In contrast, the transient nature of accumulating sediment on blades of all ages likely caused some of the variability in metabolism. Therefore, an in situ dynamic exists where no single parameter can explain ecosystem productivity, but all factors such as irradiance, flow velocity, waves, sedimentation, canopy structure, and epiphyte load must be considered when examining the variability of seagrass ecosystem metabolism.
Florida Bay gradients
The EC flux measurements were consistent with the established productivity and nutrient gradient across Florida Bay that has been related to phosphorus availability (Zieman 1989 , Fourqurean & Zieman 2002 , Long et al. 2008 ). This phosphorus gradient was evident by amounts of total phosphorus, porewater phosphorus, and seagrass biomass present at each site (Table 1 ). The increases in NEM, GPP, and respiration determined by the EC technique were also consistent with the increasing phosphorus gradient, with the highest rates at RKB and the lowest at Duck (Fig. 3) . There was also a salinity gradient across Florida Bay, as the northeast of the bay receives freshwater inputs from the Everglades, but the differences were within a range of 20 to 40, which has been shown to have no influence on the productivity of T. testudinum in this location (Herbert & Four qurean 2009) .
The highest average and instantaneous EC fluxes were both found at RKB and the lowest at Duck, despite RKB having the lowest average irradiance and Duck having the highest (Fig. 7F & H , respectively). The higher irradiance at Duck was at least partially due to the resuspension of fine, white carbo nate mud, commonly referred to as 'whiting' (Robbins & Blackwelder 1992 ). This highly reflective or highalbedo material caused significant turbidity at Duck, but resulted in more diffuse light and a higher overall irradiance, where the carbonate muds are analogous to tiny mirrors suspended in the water column (Fig. 1) . The high biomass and shoot density of seagrasses at RKB reduced the flow at the benthos and allowed for the deposition and stabilization of the fine carbonate muds (Fonseca & Fisher 1986 , Gacia & Duarte 2001 , while the sparse shoot density and low biomass at Duck likely allowed the fine carbonate muds to be constantly resuspended by currents.
The different P−I relationship slopes across the sites were directly correlated to the nutrient-driven biomass gradient (Table 2, respectively), because of the significant increase in photosynthesis per unit area relative to respiration. This is apparent from RKB, which has the lowest compensation point but also the highest average respiration rates (Fig. 3) . While respiration was higher with greater amounts of nutrients, organic matter, and seagrass biomass, the autotrophy of seagrasses reduced the I c , due to the increase in photosynthesis per unit area relative to the respiratory demand of other heterotrophs in the seagrass ecosystem (i.e. net autotrophy). Further, I c values indicate the irradiance where NEM is zero and, therefore, a reduction in I c for the higher biomass sites indicates that greater photosynthetic surface area contributes to net autotrophy of the seagrass meadow. The total photosynthetic surface area dictated the efficiency of capturing light at the ecosystem level (Fig. 5) . At the level of an individual shoot, the low density and biomass (here due to low nutrient conditions) results in less self-shading and therefore the potential to capture more light per leaf area compared to more dense meadows (Ralph et al. 2007) . Conversely, at high seagrass densities and biomass there is a high amount of self-shading and seagrass blades capture less light per leaf area, but a large portion of the available light is utilized (Zimmerman 2003 , Enriquez & Pantoja-Reyes 2005 . In Florida Bay the ambient phosphorus concentrations largely dictate the total amount of seagrass biomass (Fourqurean & Zieman 2002) . Therefore, the seagrass meadows with low density and biomass compensate for nutrient deficiency through enhanced light utilization per leaf area (e.g. Duck, Fig. 1 ). In contrast, the structure of high-density and -biomass seagrasses produces a high photosynthetic surface area to capture as much light as possible to support the large biomass (e.g. RKB, Fig. 1 ).
The variability of respiration rates and their drivers is particularly important to C cycling as two-thirds of the C in seagrass meadows is stored belowground (Fourqurean et al. 2012 ) and this contributes significantly to the ability of seagrass ecosystems to be net autotrophic (Duarte et al. 2010 ). The biomass gradient may have led to the differences in respiration through the stimulation of microbial activity by seagrass root O 2 release (Pedersen et al. 1998 , Frederiksen & Glud 2006 and dissolved organic C exudation (Holmer and Nielsen 1997, Long et al. 2008) . However, no reduction in autotrophy (due to enhanced respiration) was observed here with increasing seagrass biomass or organic matter. Because the respiration and GPP rates from EC measurements are conservative estimates due to the assumption that daytime and nighttime respiration is equivalent (Hume et al. 2011 , further in situ research is required to evaluate how respiration rates influence C storage in seagrass beds. In future studies, the EC determination of respiration and GPP could be improved by comparisons with other techniques that specifically determine the daytime respiration or GPP, such as triple oxygen isotopes (Stanley & Howard 2013) .
Seagrass NEM represents a large component of the C cycling in south Florida as seagrasses cover nearly 450 000 Ha (FDEP 1998) (Table 4 ). Our recent EC work ) on an adjacent shallow coral reef (200 m away from GRS site) showed that the concurrent reef production was an order of magnitude greater than the production at the GRS seagrass site (NEM = 378 vs. 37 mmol O 2 m −2 d −1
, respectively). However, shallow coral reefs cover only 0.01% of the area that seagrasses cover across south Florida (FDEP 1998) . Combining these daily rates with the total area for each ecosystem type reveals that the net C exchange during the summer is on the order of 1730 kg C d −1 for the seagrass meadows, with the rates for shallow reefs and reef slopes being 3 orders of magnitude lower (Table 4) . This simple, first-order calculation illustrates that while shallow coral reefs may be highly productive, comparable to the most productive land-based ecosystems, and reef slopes may be heterotrophic , these environments are very limited in spatial coverage. Therefore, even though seagrass meadows have much lower net productivity rates than reef systems, the large area that seagrasses cover makes them a significant component of coastal C cycling.
CONCLUSIONS
The rates of NEM, GPP, and respiration increased across Florida Bay and were consistent with the in creasing phosphorus and biomass gradient across the sites. The observed short-term dynamics of seagrass metabolism were driven by variations in the irradiance, velocity, waves, and suspended sediments. Denser seagrass canopies led to increased sediment retention, higher light utilization efficiency, reduced solute exchange under low-flow conditions, higher rates of autotrophy, and linear non-saturating P−I relationships. Our measurements highlight the importance of in situ ecosystem-scale measurements that integrate across the whole benthic environment and include variability due to changing environmental conditions, especially when metabolic rates are scaled up to whole-organism, ecosystem, and re gio nal scales. For example, photosynthetic rates measured at a point on a seagrass blade under full light or flow conditions may exhibit a very different metabolic response than measurements that are integra ted across the entire seagrass canopy and community. Further, the high variability over short time periods indicates that metabolic measurements must be conducted over sufficiently long periods (multiple days) to fully integrate this variability. This study also shows that the EC technique is a powerful approach for examining flow−canopy interactions under natural light conditions, and their influence on eco system metabolism. Future applications of EC should strive toward longer-term in situ monitoring, as is presently done in atmospheric EC measurements. These longer-term measurements will require the development of sensors that are more resistant to breakage and fouling, such as O 2 optodes (Chipman et al. 2012 Table 4 . NEM by site types across south Florida (± SE). GRS contained coral and seagrass sites. Benthic coverages were obtained from FDEP (1998) and Yarbro & Carlson (2013) . The number of 24 h measuring periods is represented by n. Net carbon exchange was determined using an approximate ratio of 1:1 for C:O 2 . Reef metabolic measurements from Long et al. (2013) ® 
